We examined the effects of cocaine dependence and cocaine and alcohol codependence on the P3A event-related potential component. Ten chronic cocaine-dependent subjects, 10 chronic cocaine and alcohol codependent subjects, and 20 controls were studied in an auditory paradigm that included target, nontarget, and novel rare nontarget conditions. Substancedependent subjects were abstinent from cocaine andor alcohol for 2-6 weeks. Eighteen of these subjects (4 chronic cocaine-dependent subjects, 4 chronic cocaine/alcohol codependent subjects, and IO n o m 1 controls) were also studied in an analogouq visual paradigm. In the auditory modality, the latency of the P3A response in the novel rare nontarget condition was delayed and its amplitude was reduced in both substance-dependent samples compared to controls. Comparable results were found for the smaller samples studied in the visual modality. These results suggest that chronic cocaine dependence produces deficits in frontal cortex functions. 0 1997 Society of Biological Psychiatry
Introduction
Very few studies have examined the effects of cocaine or cocaine and alcohol coabuse on event-related potential ( E W ) measures of cognitive functioning. In rats, Boutros et a1 (1994) demonstrated that the administration of cocaine impaired the gating of responses to auditory stimuli, both immediately and 23 hours after cocaine injection. Salamy et a1 (in submission) found increasing impairment of gating responses to auditory stimuli in rats after cocaine administration over 7 days, which only gradually normalized after 7 days of withdrawal. In humans, we investigated the auditory P50 response in 2-week abstinent chronic cocaine abusers, active alcoholics, and controls (Fein et a1 1996) . The chronic cocaine abusers had reduced auditory P50 amplitude and suppression compared to both normal controls and active alcoholics. Herning et al (1985, 1987, 1994) examined the acute effects of cocaine administration on auditory ERPs in both occasional cocaine users and cocaine abusers. In occasional users (average use less than once per week), acute oral cocaine resulted in reduced P300 (P3B) amplitude in an oddball task performed 1-3 hours after cocaine administration (Herning et al 1985) , with no P3B amplitude effect on a continuous performance task performed at the same delay after cocaine administration ( 1987 ). In the oddball task, there was also decreased P200 component latency (Herning et a1 1985) , while the continuous performance task also revealed increased Nl00 amplitude to the warning stimulus and increased contingent negative variation (CNV) amplitude (Herning et al 1987) . Subjects given intravenous cocaine before the oddball task showed a decreased Nl00 amplitude in addition to the ERP findings as above (Herning et al 1985) . More recently, in active cocaine abusers perfonning an oddball task, P3B and slow-wave components of the auditory ERP were found to be increased 60-210 min after IV cocaine administration (Herning et al 1994) . Amass et a1 (1989) studied the oddball auditory P3B during early (1-4 weeks) abstinence in subjects who were dependent on both cocaine and alcohol, finding delayed P3B latency but no P3B amplitude effects. These studies focused only on the P3B component (in earlier literature the P300 usually referred to the P3B component), and the Herning et a1 (1985, 1987, 1994 ) studies only examined the acute effects of cocaine on ERPs. There have been no studies using ERPs to examine frontal cortex functioning after chronic cocaine dependence or cocaine and alcohol codependence, despite the growing evidence that chronic cocaine and chronic alcohol dependence each produce central nervous system (CNS) toxicity, including many effects on frontal cortex (Harper et a1 1987; Hitri et a1 1994; Jernigan et a1 1986; Volkow et a1 1990 Volkow et a1 , 1993 .
The study reported here examines the effects, during early abstinence, of chronic cocaine dependence and cocaine and alcohol codependence on frontal cortex functioning by measuring the P3A ERP potential. The P3A component reflects a frontal cortex orienting response that occurs when novel nontarget stimuli are presented in the midst of a target detection paradigm. We focused on the P3A instead of the P3B because the P3B reflects cognitive functioning over diverse regions of the brain. We were interested in investigating frontal cortex functioning, which is more specifically reflected by the P3A. The P3A paradigm was originally developed for visual stimuli (Courchesne et a1 1975) . We used both visual and auditory modality variants of this paradigm, which have been shown to be sensitive to frontal cortex damage (Knight 1984; Yamaguchi and Knight 1991) . In addition to investigating the P3A, we performed post hoc tests on the P3B (because this is the component most studies have examined), and the component preceding the P3AP3B composite component in each modality (the auditory N200 and the visual P230). The latter two components were studied to determine whether delays in P3A or P3B simply reflected delays in earlier components. The auditory N200 and visual P230 components reflect cognitive processing Of the stimulus prior to the processes indexed by'P3A and P3B, and, to date, no information has been available on the BIOL PSYCHIATRY 473 1997;42:472-485 effects of cocaine dependence or cocaine and alcohol codependence on these components.
Methods
Subjects Twenty chronic heavily cocaine-dependent subjects (19 African-Americans, 1 Caucasian; 19 men, 1 woman; mean age 2 SD = 40.6 2 7.4 years) were studied. Subjects met DSM-111-R (American Psychiatric Association 1987) criteria for cocaine dependence and were screened to exclude those with any major psychiatric or neurologic disorder except those secondary to chronic substance dependence. Subjects were not excluded for episodes of head trauma with loss of consciousness if these episodes were associated with substance abuse, and if they were not serious enough to require hospitalization. Four subjects reported experiencing head trauma with loss of consciousness. Cocaine-dependent subjects were either inpatients on the Substance Abuse Inpatient Unit (SAIU) at the San Francisco Department of Veterans Affairs Medical Center, or were recruited from drug abuse treatment centers throughout the surrounding area. Of these 20 subjects, 10 subjects (9 African-Americans, 1 Caucasian; 9 men, 1 woman) also met DSM-111-R criteria for alcohol dependence. By selfreport, recent cocaine use in the cocaine only dependent group averaged 13.6 (216.8) g of crystalline cocaine per month with a range of 2-60 g. Mean duration of use was 90.8 (L55.0) months with a range of 26-204 months. Mean alcohol use was 7.0 (216.7) drinks per month. Recent cocaine use in the cocaine and alcohol codependent group averaged 24.5 (224.8) g of crystalline cocaine per month with a range of 4-70 g. Mean duration of use was 149.5 (292.6) months with a range of 36-276 months. Although the amount and duration of cocaine use were numerically greater in this group than in the cocaine only dependent group, the differences were not statistically significant (p > .10 for both amount and duration of cocaine use). Mean alcohol use in the cocaine and alcohol codependent group was 392.3 ( 2 197.9) drinks per month. Two of these subjects reported a pattern of binge drinking. In both cocaine only dependent and cocaine and alcohol codependent groups, occasional marijuana use was common; needIe use was rare. Two subjects had a past history of regular LSD use; however, no subject met DSM-111-R criteria for dependence on any substance besides cocaine and alcohol. For all substance-dependent subjects, recordings were obtained between 2 and 6 weeks after cessation of cocaine andor alcohol use. Twenty non-substance-dependent individuals served as control subjects (16 African-Americans, 3 Caucasians, 1 Hispanic; 18 men, 2 women; mean age = 36.7 +-6.8 years). The control subjects, cocaine only dependent subjects, and cocaine and alcohol codependent subjects did not differ significantly on age (F2,3, = 1.95, p = .156).
Control subjects were recruited from the community, and met all psychiatric and neurologic screening criteria. Alcohol use varied from 0 to 40 drinks per month (mean 10.4 2 11.5). All subjects were tested for human immunodeficiency virus (HIV) infection by means of polymerase chain reaction testing, and all subjects were HIV seronegative. Random urine screens on an average weekly basis at the outpatient treatment centers, and on an average every other day basis at the SAIU, were performed by the facilities to help ensure compliance of the substance-abusing subjects. Urine screens were performed on the day of ERP evaluation, and all were negative for alcohol, cocaine, and other drugs of abuse.
Evoked Potential (EP) Recording
Initially, 32-channel recordings [30 electroencephalographic (EEG) channels and two eye movement channels] were obtained for the auditory three-condition P3A paradigm. Figure 1 displays the electrode montage used. Subsequently, about halfway through the study, data were also obtained for a visual three-condition P3A paradigm using the same electrode montage. This montage was specifically chosen to assist in the detection of compo-C.A. Biggins et al nents in the frontal and parietal areas. Twenty-two subjects (10 control subjects, 6 cocaine only dependent subjects, and 6 cocaine and alcohol codependent subjects) were tested only with the auditory paradigms, and 18 su5jects (10 control subjects, 4 cocaine only dependent subjects, and 4 cocaine and alcohoi codependent subjects) were tested with both auditory and visual paradigms. EEG data were recorded using an electrode cap with tin disk electrodes (Electro-Cap International, Eaton, OH) referenced to a tin electrode clipped to the left earlobe. Vertical eye movements were monitored via gold cup electrodes placed above and below the right eye, and horizontal eye movements were monitored via electrodes placed at the lateral canthi. All impedances were below 5000 CR, and signals were amplified 50,000 times by a Grass Model 12 Neurodata Acquisition System with analog filters at 0.1 and 100 Hz. Stimulus presentations were controlled and data were collected by ERPSYSTEM Software (Neurobehavioral Laboratory Software) and an Analog Devices RTI 800-815/F laboratory interface card on a 20-MHz Intel 80386-based personal computer. Data were sampled for 800 msec at a 250-Hz within-channel resolution beginning 40 msec prior to stimulus presentation. 1ndivid:ial trials were rejected if activity on either eye movement channel exceeded 275 pV. This rejection criterion was chosen to avoid excessive loss of trials due to eye movement, and because the data were going to be further subjected to an eye movement correction procedure (see EP Waveform Analyses section). Data were collected until them were at least 80 artifact-free single trials in the standard condition, and 60 artifact-free single trials in each of the target and novel nontarget conditions.
Auditory and Visual Stimulation
Auditory stimuli consisted of 1000-and 2000-Hz tones, and excerpts from a sound effects tape. Tone stimuli were generated by a Wavetek 4-MHz Function Generator (model 182A), passed through a Hewlett-Packard 350D Attenuator, amplified by a Pioneer SX-2300 stereo receiver/ amplifier, and delivered to the subject over Realistic NOVA'20 headphones (Tandy Corporation, Houston, TX). Stimulation was binaural with the same monaural signal delivered to each ear of the, headphones. Each subject's threshold for detecting the stimuli was established usinga method of limits procedure, after which stimuli were presented at 55 dB above threshold. Each Vial consisted of a 52-msec presentation of a tone or a 52-msec excerpt from the sound effects tape. The interstimulus interval varied randomly between 1.9 and 2.0 sec. Seventy percent of the trials were 1000-Hz "standard" tones; 15% were 2000-Hz "target" tones; the remaining 15% were the "novel nontarget" excerpts from the sound effects tape. Visual stimuli consisted of two vertical lines (standards), two horizontal lines (targets), and random line fragments (rare nontargets), with stimuli in all three classes having identical average intensities. Stimuli were presented to the subject on a low radio frequency emission computer monitor set 30 inches from the subject. All stimuli were presented in the center of the upper half of the monitor screen, and subtended an angle of 1.88" horizontally and 2" vertically. Each trial consisted of a 796-msec presentation of one of the stimuli. Seventy percent of the trials were standards; 15% were targets; and 15% were novel nontargets.
Procedure
During the session, the subjects were relaxed, awake, and seated upright in a room that was acoustically isolated. For the auditory paradigm, they were told that they would hear a low tone, a high tone, or an excerpt from a sound effects tape for each trial. For the visual paradigm, they were told that they would see two vertical lines, two horizontal lines, or random line fragments on each trial. They were instructed to sit quietly, to listen to or to watch the stimuli (depending on the paradigm), to try to keep their eyes still, and to respond as quickly as possible only to the target stimuli by lifting their right index finger off a response pad.
EP Waveform Analysis
All waveform analyses were performed blind with respect to subject's cocaine and alcohol use status. Average waveforms for each subject were constructed from the single trial data after elimination of trials with eye movement artifact. To diminish the effects of eye movements that were below the rejection criterion, the data were subjected to a frequency domain eye movement correction procedure (Gasser et a1 1985) . Topographical maps using spherical spline interpolation were then constructed for the auditory and visual data from each condition for each subject. The electrode montage we used allowed for increased data sampling in the regions of interest, which helped to prevent the formation of spurious peaks due to interpolation in the topographical mapping. Component letencies and amplitudes were determined by examination of the topographical maps in combination with plots of global field power. Global field power is a reference-free measurement of mean potential difference between electrodes (Lehman and Skrandies 1984) . Since peaks in the global field power curve correspond to times of maximal activity on the scalp, they can be used to help determine the latencies of components in the ERP. We pftsent a Complete description of this method and the rationale fpr its use in our article on auditory P3A component latency in patients with HIV disease with and without concomitant alcohol dependence (Fein et a1 1995) . Briefly, for the standard condition, a topographical map of the data was constructed for each time point between 120 and 264 msec poststimulus, for measurement of the P200 component for the auditory paradigm, and for each time point between 176 and 328 msec poststimulus, for measurement of the P230 component for the visual paradigm. For the target and novel nontarget conditions, topographical maps were created for each time point between 120 and 456 msec poststimulus, for measurement of the P200, N200, P3A, and P3B components (for the auditory paradigm), and for each time point between 176 and 584 msec poststimulus, for measurement of the P230, P3A, and P3B components (for the visual paradigm). A component was identified by looking for the conjunction of its characteristic topographical distribution, i.e., for P200, a frontocentrally occumng positivity around 200 msec, and a corresponding peak in global field power. Component latencies and amplitudes were then determined from the peak in the global field power plots that corresponded to the occurrence of the component maximum in the topographical maps. Figure 2 presents the topographical maps and global field power plot for the P3A arid P3B interval for a typical subject. If, as sometimes happened, especially with P3A. the map identification of the component did not correspond to a peak in the global field power, the component latency was determined from the maps, and the component amplitude was determined from the global field power at that latency.
For comparison purposes, we also determined component latencies and amplitudes for P3A and P3B in the conventional manner. P3A was measured by choosing the largest peak between 260 and 520 msec in the subject's average waveform at Fz (referenced to Al), and P3B was measured in a similar manner at Pz (also referenced to AI).
Results
Our a priori research aim was to examine P3A component latency and amplitude to the novel nontarget stimuli in both auditory and visual paradigms as an ERP measure of frontal cortex function. Subsequently, in a post hoc manner, we examined the latency and amplitude of 1) the P3B component; 2) the ERP component immediately preceding the P3A/P3B composite component; and 3) task reaction time and accuracy measures. No control for multiple comparisons was incorporated for the post hoc analyses, and the resulting analyses should be taken as suggestive only. For both the a priori and post hoc analyses, differences among the groups wcre first tested using one-way analyses of variance (ANOVAs). If significance at p < .05 
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Msec After Stimulus ' the P3A and P3B interval for 1 subject. was obtained, one-tail t tests comparing the cocaine only dependent and cocaine and alcohol codependent groups to controls were performed, including adjustment of degrees of freedom for unequal variances, where appropriate. The results from the 4 subjects who had a history of head trauma did not differ from the results from the rest of the substance-abusing subjects. Therefore, their data are not reported separately.
Waveforms from the target and novel nontarget conditions were similar in their basic morphology. Components identified from the auditory paradigm included the N100, P200, N200, P3A, and P3B, with the latter four components chosen for analysis. Components identified from the visual paradigm included the P100, N165, P230, P3A, and P3B, with the latter three components chosen for analysis.
P3A Analyses
AUDITORY PARADIGM. There were no differences among the groups on the percentage of trials lost to eye movements in any of the three conditions. Due to computer error, data from the novel nontarget condition was lost on 1 control subject. The P3A component was identified in all other subjects.
Topographical Analyses. Table 1 presents the mean and standard deviation of novel nontarget condition auditory and visual P3A latencies and amplitudes for each subject group. For later reference, the P3B latencies and amplitudes (in the target condition) are also presented separately for each subject group. In the novel nontarget condition, cocaine dependence resulted in an average delay in P3A latency of 36.1 msec compared to controls (f3, = 4.67, p < .Owl). This delay was 37.7 msec in the cocaine only dependent group (t27 = 3.64, p < .OOl), and 34.5 msec in the cocaine and alcohol codependent group (f2, = 3.77, p < .001). These P3A latency differences among the groups remained unchanged after partialling out N200 latency differences between the groups (see analysis of N200 below). Cocaine dependence also resulted in an average decrease in P3A amplitude of 39.8% compared to controls (t37 = -2.88, p = .007). This decrease was 38.9% in the cocaine only dependent group (t27 = -2.07, p = .024), and 40.6% in the cocaine and alcohol codependent group (t27 = -2 . 1 4 ,~ = .021). There were no statistically significant differences in P3A latency or amplitude between the cocaine only and cocaine and alcohol codependent groups. The mean P3A lateky and amplitude of the two binge drinkers were similar to the overall group means. Figure 3 presents the auditory P3A latencies and amplitudes for each subject group in the novel nontarget condition. Subjects with ethnic origin other than African-American are indicated by filled symbols on the graph. a Because group differences in amplitude could be due to differences in the amount of trial to trial latency jitter. the single trial data from each subject were tested for latency jitter within the P3A latency range (Mocks et al 1984a (Mocks et al , 1984b (Mocks et al , 1988 Pham et a1 1987; Raz and Fein 1992) . Overall, 13 of the 39 subjects (33%) showed evidence of latency jitter: 4 subjects from the cocaine only dependent group (40%), 3 subjects from the cocaine-and alcoholdependent group (30%), and 6 subjects from the control group (32%). The subjects with latency jitter in each group had P3A amplitudes comparable to those of subjects without latency jitter. Although the power of these tests is not firmly established, the results suggest that an increased latency jitter in the substance-dependent subjects did not contribute to group decreases in P3A'arhplitude.
Peak-Picking Analyses. Results from conventional peak-picking analyses agreed with the topographical analyses. There were statistically significant delays in P3A latency and decreases in P3A amplitude in the cocaine only dependent and cocaine and alcohol codependent groups compared to controls (t3, = 2.60, p = .014; t25,2 = -3.58, p = .001 for P3A latency and amplitude, respec- tively). Table 2 contains the mean and standard deviation of auditory and visual P3A latencies and amplitudes (in the novel nontarget condition). For later reference, the P3B latencies and amplitudes (in the target condition) are also presented separately for each subject group. VISUAL PARADIGM. There were no differences among the groups on the percentage of trials lost to eye movements in any-of the three conditions. The P3A component was identified in the visual data for all subjects. Note that the visual paradigm sample sizes were much smaller than for the auditoq paradigm, and the results should be taken as preliminary.
Topographical Analyses. In the novel nontarget condition, cocaine dependence resulted in an average delay in P3A latency of 38.5 msec compared to controls (r16 = 2.50, p = .024). This delay was 53.0 msec in the cocaine only dependent group (t12 = 2.71, p = .009), and 24.0 msec in the cocaine and alcohol codependent group ( t I 2 = 2.23, p = .023). Cocaine dependence also resulted in an average decrease in P3A amplitude of 40.0% compared to 
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Cocaine Cocaine/Alcohol Dependent Dependent Figure 4 . The visual P3A latencies and amplitudes for each subject group in the novel nontarget condition. Subjects with ethnic origin other than African-American are indicated by filled symbols on the graph. controls (f16 = -2.49, p = .024). This decrease was 45.6% in the cocaine only dependent group (tl2 = -2.23, p = .023), and only 34.2% in the cocaine and alcohol codependent group, a difference that was not statistically significant for this group (r,3 = -1.50, p = .159). The single trial data from each subject were tested for latency jitter within the P3A latency range. Overall, 5 of the 18 subjects (28%) showed evidence of latency jitter: 1 subject from the cocaine only dependent group (25%), 2 subjects from the cocaine-and alcohol-dependent group GO%), and 2 subjects from the control group (20%). These results suggest that an increased latency jitter in the substancedependent subjects did not contribute to group decreases in P3A amplitude in the visual data either. There were no statistically significant differences in P3A latency or amplitude between the cocaine only dependent and cocainc and alcohol codependent groups. Only 1 of the binge drinkers had data from the visual paradigm, and his visual P3A latency and amplitude fell within the distribution from the other subjects. Figure 4 presents the visual P3A latencies and amplitudes for each subject group in the novel nontarget condition. Again, subjects with ethnic ongin other than African-American are indicated by filled symbols on the graph.
Peak-Picking Analyses.
Results from conventional Peak-picking analyses agreed with the topographicanalyses. There were statistically significant delays in P3A I latency and decreases in P3A amplitude in the cocaine only dependent and cocaine and alcohol codependent groups compared to controls (novel nontarget condition: latency and amplitude, respectively). tI6 = 2.32, p = .034; t16 = -3.53, p = .003 for P3A AUDITORY/VISUAL P3A CORRELATIONS. Auditory and visual P3A latencies and amplitudes were highly correlated (r = .67, p = .002 and r = .57, p = .013 for latencies and amplitudes, respectively). Table 3 presents the correlations of auditory and visual P3A variables with age (for all groups), length of abstinence, amount and duration of cocaine use, and amount and duration of alcohol use for each of the substance-dependent groups. Age was not related to P3A latency or amplitude for any subject group. The substance-abusing subjects were studied 2-6 weeks abstinent. Within this time frame, length of abstinence was not related to the P3A variables. Amount of cocaine use was significantly positively related to auditory P3A latency in the cocaine only dependent subjects but not in the cocaine and alcohol codependent subjects. Amount of alcohol use was significantly positively correlated with auditory P3A latency in the control subjects ( r = S4, p = .018), and the cocaine only dependent subjects ( r = .91, 
RELATION TO SUBJECT'S AGE, LENGTH OF ABSTINENCE, AMOUNT AND DURATION OF COCAINE USE, AND AMOUNT
AND DURATION OF ALCOHOL USE.
P3A amplitude
Correlation between length of abstinence and visual P3A variables in the cocainelalcohol coabusing subjects could not be -,'p < .01, p -= .05, respectively, different from controls. calculated because all of these subjects had the same duration of abstinence (6 weeks). p = .00l), just missing statistical significance in the cocaine and alcohol codependent subjects (r = .61, p = .059). In the cocaine and alcohol codependent subjects only, amount of alcohol use was significantly negatively correlated with auditory P3A amplitude (r = -.63, p = .05), and duration of alcohol use was significantly negatively correlated with visual P3A amplitude (r = -.98, p = .023). None of the other correlations reached statistical significance, although there was a high correlation between amount of alcohol use and visual P3A amplitude in the cocaine only dependent subjects (r = -.92, p = .079). Table 4 presents the mean and P200. There were no between-group differences in P200 latency or amplitude in any condition. N200. N200 latency was proljnged in the cocainedependent groups in both the target and novel nontarget conditions (f38 = 3.61, p < .001; f37 = 2.32, p = .026 for the target and novel nontarget conditions, respectively). There were no between-group differences in N200 amplitude.
Other
P3B. Analyses of the topographical data indicated
that cocaine-dependent groups had a decreased P3B amplitude in the target condition compared to controls (t28.4 = -2.33, p = .027). Peak-picking analyses also showed a decreased P3B amplitude for the cocainedependent groups compared to controls in the target condition (t25,1 = -3.00, p = .006). There were no between-group differences in P3B latency. P230. There' were no between-group differences in P230 latency, but P230 amplitude was decreased in the cocaine-dependent groups compared to controls in the standard (r16 = -2 . 5 1 ,~ = .023) and target (r16 = -2.26,
P3B. Analyses of the topographical data indicated no between-group differences in P3B latency or amplitude; however, peak-picking analyses indicated increased P3B latency and decreased P3B amplitude in the cocainedependent groups compared to controls in the target condition (t16 = 2 . 3 2 ,~ = .034; t16 = -2 . 4 6 ,~ = .026 for latency and amplitude, respectively). Table 6 presents the reactions times (RTs) and percent of misses and false responses for each group for both the auditory and visual paradigms. There were between-group differences in the percentage of misses in the auditory -4 paradigm (F2.37 = 4.09, p = .025) and a trend for "etween group differences in the visual paradigm (FzSl5 = 3.18, p = .070). These differences have little effect on the ERP measures, since the highest miss percent was only 1.47%. There were no between-group differences in false responses in either paradigm. There were between-group differences in RT in both paradigms. Compared to control subjects, cocaine dependence resulted in an average increase in RT of 64.7 msec in the auditory paradigm (t38 = 2.70, p = .010) and an average increase of 65.1 msec in the visual paradigm (tI6 = 3.78, p = .002). For cocaine only dependent subjects, the increase was 88.8 msec in the auditory paradigm (f28 = 3.08, p = .005) and 54.0 msec in the visual paradigm (tlZ = 2.48, p = .029). For cocaine and alcohol codependent subjects, the increase of 40.5 msec in the auditory paradigm compared to control subjects did not reach statistical significance (t28 = 1.56, p = .130), but there was a statistically significant increase of 76.2 msec in the visual paradigm (t12 = 3 . 2 7 ,~ = .007). In the auditory and visual modality, RT was significantly correlated with P3B latency in the target condition (r = .39, p = .013, and r = .52, p = .026, for auditory and visual modalities, respectively). RT was not correlated with P3A latency in the rare nontarget condition.
Task Performance
The question arose as to whether the increase in RT could be a reflection of an inability by the substance- 
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Cocaine only
Cocaine/alcohol Control subjects dependent subjects codependent subjects (n = 10) (n = 4) (n = 4) dependent subjects to maintain vigilance and pay attention over the number of trials necessary to complete the auditory and visual procedures. The presence of such a fatigue effect might also affect the P3A latency. To test whether fatigue differentially affected the RT of the substance-dependent subjects, we partitioned the RTs from all single trials in the target condition into quartiles depending on when in the experiment the stimulus occurred, and subjected the average RT from each quartile to a repeated-measures analysis with time as a within-subject variable, and group membership as a between-subject variable. In the auditory paradigm, although RT did increase in a linear manner over time (F3,36 = 7.64, p = .0004), there was no group by time interaction (F3,36 = 0.38, p = .77), indicating a similar linear increase in RT over time for each group. In the visual paradigm, RT did not increase over time (F3,13 = 1.11, p = .38), nor was there a group by time interaction (F3.,3 = 1.35, p = .27). This indicates that a defect in the ability to sustain attention over the experimental session in the substancedependent subjects does not account for their delayed RT.
P230 latency
Discussion '
This study provides evidence that cocaine-dependent subjects and cocaine and alcohol codependent subjects exhibit delayed P3A latency and reduced P3A amplitude in both the auditory and visual modalities. The delays in P3A latency were not due merely to delays in earlier components, but remained after controlling for earlier component latency delays (such as the N200). These P3A findings are consistent with the evidence that cocaine has deleterious effects on frontal cortex function. Although the exact location of the P3A generator is currently unknown, numerous studies have implicated the frontal cortex in the P3A response and have demonstrated effects of frontal cortex damage on P3A (Courchesne et a1 1975; Knight 1984; Yamaguchi and Knight 1991) . Support for the biological significance of the P3A latency delays and amplitude reductions in these subjects comes from their neuropsychological test performance. Nineteen of these subjects were tested with a computerized assessment of cognitive function (Powell et al 1993) . The cocainedependent and cocaine and alcohol codependent subjects performed worse on subtests designed to assess frontal cortex function. These results will be reported in detail in a subsequent manuscript. The lack of differences in P3A latency and amplitude between the cocaine only dependent and the cocaine and alcohol codependent subjects indicates that, in the samples studied, concomitant cocaine and alcohol dependence did not worsen frontal cortex functioning over that caused by cocaine abuse alone. Our interpretation of this finding is that the effects of chronic cocaine dependence on brain functioning as measured by P3A are large enough to obscure the additional effects of chronic alcohol dependence. This does not mean that alcohol dependence, when studied apart from cocaine dependence, does not affect the measures studied here. There is abundant evidence that chronic alcohol dependence produces widespread effects on the structure and function of the CNS, including frontal cortex and subcortical and limbic structures (Fein et al 1990; Harper et a1 1987; Jernigan et a1 1986; Rogers et a1 1983; Samson et a1 1986; Wilkinson 1985) . In addition, there is strong evidence that alcohol and chronic alcohol dependence produce effects on P3B, with most studies demonstrating a decreased amplitude of this ERP component (Cohen et a1 1995; Porjesz et al 1987; Realmuto et a1 1993) . This decrease in P3B amplitude has also been found in male children at high risk for alcoholism (Begleiter et a1 1987; Hill et a1 1995; Polich et a1 1994) . We have previously demonstrated auditory P3A latency delays in gaylbisexual male human immunodeficiency virus seronegative (HIV-) very heavy active drinkers compared to HIV-lighthondrinkers (Fein et al 1995) , as well as auditory and visual P3A latency delays in abstinent elderly male chronic alcoholics compared to elderly male controls (Biggins et a1 1995) . The actions of cocaine on the CNS are complex and widespread, with cocaine administration affecting the dopamine, norepinephrine, and serotonin neurotransmitter systems (Calligaro and Eldefrawi 1987; Fowler et a1 1989; Ritz et a1 1987) . The P3A latency delays found in the study reported here consequent to cocaine dependence are much larger than those found secondary to alcohol dependence in the HIV study (whose subjects were of comparable age to those in this study), and are on a par with the delays seen in the much older subjects of the elderly alcoholic study. This suggests possibly larger effects of chronic cocaine dependence than chronic alcohol dependence on the frontal cortex functions represented by P3A latency. Ideally, the inclusion in this study of a group of subjects who were dependent only on alcohol might have provided more information on these issues; however, we have found it extremely difficult to find alcohol only dependent subjects who are age-, sex-, and race-matched to our cocaine-depender,t subjects. To date, we have data on only 1 such subject, but we will continue to try to recruit subjects for this group.
The decrease in P3A amplitude found in the current study was not found with alcohol dependence alone and suggests additional underlying abnormalities. In this regard, subjects with frontal damage secondary to stroke or brain injury evidence reduced P3A amplitude with little effect on P3A latency (Knight 1994) , suggesting that actual frontal cortex damage may also be present in the subjects in this study. There is accumulating evidence that chronic cocaine abuse produces toxic effects on frontal cortex. In rats, chronic cocaine administration has produced several deficits related to dopamine and its metabolism in the frontal cortex (Karoum et al 1990; Kleven et a1 1990; Masserano et a1 1994; Wyatt et a1 1988a Wyatt et a1 , 1988b .
In humans, a decrease in the number of dopamine transporter receptor binding sites in prefrontal cortex has been demonstrated postmortem in chronic cocaine users (Hitri et al 1994) . Volkow et al (1990 Volkow et al ( , 1993 , using in vivo radio-tracer imaging in human cocaine abusers, found persistently decreased dopamine D2 receptor availability in the striatum, which was associated with decreased metabolism in the frontal lobes.
At first glance, our amplitude results differ from those of Amass et a1 (1989) , who found delayed P300 latencies but no change in P300 amplitudes; however, the P300 component identified by Amass et a1 (1989) was most likely P3B, since it was measured only at Cz and was evoked by a simple two-tone oddball paradigm, making our paradigms not completely comparable.
In our previous paper on P3A in elderly alcoholics (Biggins et a1 1995) , we hypothesized that the delay in P3A latency evidenced by those subjects was caused by some combination of frontal cortex damage and reduced or delayed input to the frontal cortex via frontostriatal, frontothalamic, and/or frontohippocampal pathways. Changes in input to frontal cortex via these pathways could result either from changes in the signals eatering those pathways, or from damage to the pathways themselves. This hypothesis could also apply to the P3A latency delays demonstrated by the substance-dependent subjects of this study.
Our subjects were primarily African-American but, as is shown in Figures 3 and 4 , results from the few subjects of other ethnic origin fell well within the range of the data distribution from the African-Americans, suggesting that our findings are not specific to African-Americans. Age and duration of abstinence during the 2-6-week range also did not affect the P3A results; however, it is still uncertain whether these P3A latency delays and amplitude reductions would improve over longer abstinence periods, or whether these functional deficits are long-term or even permanent effects of cocaine dependence that will not improve with abstinence time. Amount of cocaine use was significantly related to P3A latency in the cocaine only dependent subjects, but this was not true for the cocaine and alcohol codependent subjects. Duration of cocaine use was also not significantly related to P3A latency or amplitude in either substance-dependent group, indicating that with significant dependence, amount and duration are not primary modulation variables.
ERP data are most commonly analyzed via peakpicking on the average waveform at several electrode channels. Problems with this method of determining component peak latency and amplitude are detailed in Fein et al (1995) . Briefly, peak-picking can give a misleading indication of overlapping components such as P3A and P3B, because examination of waveforms at single channels cannot untangle their separate contributions. This is particularly a problem in measuring component latency. We determined component latencies and amplitudes via examination of topographical maps, which give a clearer picture of the changing electrical potential field over the scalp, in combination with plots of global field power. This method improves component identification and helps in the separation of overlapping components, such as the P3A and P3B. The greater difference between P3A and P3B latencies in data from the topographical analyses compared to data from the peak-picking analyses provides evidence of the improvement in compcnent separation resulting from the topograpkca? analyses.
Although the topographical analyses effect;ve:j separate component latencies, global field power still confounds component amplitudes, especially of overlapping components such as P3A and P3B, due to the inclusion of information from all electrodes. In fact, the peak-picking analyses performed better at detecting amplitude differences between the groups in P3A and P3B. The surface Laplacian derivation (SLD) (Hjorth 1975 (Hjorth , 1980 ) is a method that can be applied to ERP data to improve spatial frequency resolution and help eliminate the common activity at all electrode sites. The SLD spatially filters out activity from distant electrodes and enhances local activity. An amplitude measure derived from the SLD should provide a better estimate of component amplitudes, reducing the confounding from overlapping components. We are currently working on the development of a method of component measurement that will combine the advantages of topographical analyses (for component latency (etermination) and SLD analyses (for component amplitude determination). 
